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ABSTRACT 


The  aim  of  the  present  Investigation  is  to  study  the  mechanics 
of  plastic  deformation  and  to  find  the  relationship  between  defects 
formation  and  deformation  characteristics  in  typical  forging  processes; 
namely  plane-strain  side-pressing  and  axisyrametric  plastic  indentation. 

This  report  consists  of  two  parts.  In  the  first  part,  the  in¬ 
vestigation  was  undertaken  to  examine  the  detailed  deformation 
characteristics  involved  in  axisyrametric  plastic  indentation.  Circular 
punches  with  flat  and  hemispherical  ends  were  indented  into  specimens 
prepared  from  SAE  1215  steels  under  as-received  and  annealed  conditions. 
The  load-displacement  curves  were  recorded,  and  measurements  were  made 
of  the  geometrical  changes  of  the  workpieces  and  of  the  strain  dis¬ 
tributions  for  various  punch-workpiece  dimensions.  Furthermore,  the 
mode  of  deformation  was  examined  by  revealing  the  flow  lines,  and 
fracturing  of  tne  workpiece  was  also  observed. 

In  the  second  part,  the  detailed  mechanics  of  the  side-pressing  of 
circular  cylinders  under  plane-strain  conditions  were  obtained,  based 
on  the  observed  flow  patterns  of  commercially  pure  aluminum  and  copper 
specimens.  Slip-line  fields  and  corresponding  hodographs  were  con¬ 
structed,  and  stress  calculations  were  made,  taking  into  account  the 
actual  material  properties.  The  effects  on  thr.  deformation  characteris¬ 
tics  of  friction  at  the  interface,  material  properties,  end  initial, 
geometry  were  examined  in  terms  of  flow  lines  and  strain  and  strain- 


rate  distributions. 
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SECTION  I.  INVESTIGATION  OF  THE  DEFORMATION  CHARACTERISTICS 
OF  AXISYMMETRIC  PLASTIC  INDENTATION 


M.  M.  Sehgal*  and  Shiro  Kobayashi** 


1.  INTRODUCTION 

The  process  of  indentation  has  been  the  subject  of  research  in 
metal  deformation  by  many  investigators  for  almost  half  a  century. 
Using  the  slip-line  method  extensively  for  theoretical  analyses, 
the  investigators  obtained  solutions  of  the  deformation  mechanics 
occurring  at  the  yield  point  for  the  plane-strain  [1-4]^  and  axi- 
symmctric  [5]  flat  punch  indentations  of  rigid-plastic  materials  with 
no  work-hardening.  4  number  of  publications  can  also  be  found  in  the 
literature  on  theoretical  and  experimental  Investigations  of  indenta¬ 
tion  by  wedges,  balls,  and  cones  [6-14].  Since  these  investigations 


are  concerned  mainly  with  problems  related  to  hardness  testing,  the 
vicinity  of  indenters  is  the  principal  area  of  interest,  Problems  of 
flat  punch  indentation  into  specimens  of  finite  dimensions  under  plane- 


strain  as  well  as  axisymmetric  conditions  were  treated  by  Lee  and 
Kobayashi  [15].  They  obtainea  the  detailed  mechanics  of  indentation 
beyond  the  yield  point,  taking  into  account  the  actual  material’s 
property.  However,  the  range  of  punch  penetration  considered  in  the 


investigation  was  such  that  the  overall  geometrical  change  of  the 


*  Senior  Engineering  Aid**,  presently.  Assistant  Engineer, 
Kaiser  Engineers,  Oakland,  California. 

**Professor  of  Mechanical  Engineering. 

f  Numbers  in  brackets  refer  to  references  at  the  end  of  Part  I, 
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workpiece  was  insignificant. 

In  recent  years  the  process  of  indentation  has  attracted  special 
attention  as  one  cf  the  basic  operations  involved  in  incremental 
forging.  Incremental  forging  is  the  shaping  of  a  workpiece  by  the 
repeated  application  of  a  punch  whose  contact  area  is  considerably 
smaller  than  the  projected  area  of  the  desired  forcing.  The  pattern 
of  metal  flow  during  the  relatively  deep  penetration  of  the  punch  is 
a  primary  interest  in  incremental  forging.  For  this  range  of  indenta¬ 
tion,  the  geometry'  of  a  workpiece  of  finite  dimensions  continuously 
changes,  and  the  load-penetration  relationships  may  depend  on  the 
specimen  size  and  the  pattern  ox  metal  flow.  In  this  regard  most  of 
the  previous  investigations  failed  to  provide  direct  information  on 
metal  flow  during  the  forging  operation,  and  only  a  few  dealt  with  the 
problem  of  deep  indentation. 

Takahashi  [16,17]  investigated  the  deformation  patterns  in  deep 
indentation  by  measuring  the  strain  distributions  along  the  workpiece 
surfaces  with  strain  gages.  Copper  specimens  having  various  values 
of  work -hardening  coefficients  were  indented  by  a  flat  cylindrical 
punch,  and  the  dependency  of  the  deformation  patterns  on  the  work¬ 
hardening  coefficient  of  the  workpiece  material  was  observed.  To 
test  the  validity  of  simulating  the  hot  forging  of  aerospace  materials, 
Abramowitz  and  Schey  [18]  examined  the  mode  of  deformation  for  plasti¬ 
cine,  lead,  and  commercial  aluminum  during  axial  upsettinc-piercing 
between  punches  with  a  workpiece  overhang.  The  nature  cf  deformation 
was  characterized  by  various  dimensions  of  deformed  specimens,  and  the 
effects  of  workpiece  geometry  and  punch  radius  on  the  deformation  were 
evaluated  quantitatively.  Realizing  that  there  was  s  dearth  of 
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information  on  incremental  forging,  Male  [19]  attempted  to  determine 
basic  information  on  the  plastic  indentation  of  metals  with  simple 
punches.  His  investigation  was  concerned  with  the  effect  of  the  major 
process  variables  on  the  punch  pressure,  and  on  shape  control  of 
workpiece  during  the  indentation  of  circular  blocks  of  aluminum.  The 
principal  variables  for  the  study  were  the  punch  diameter-workpiece 
diameter  ratio,  the  punch  diameter-workpiece  thickness  ratio,  the 
punch  nose  profile,  and  the  lubricaticn. 

The  present  investigation  was  undertaken  to  examine  the  detailed 
deformation  characteristics  involved  in  axisymmetric  plastic  indenta¬ 
tion.  Circular  punches  with  flat  and  hemispnericai  ends  were  indented 
into  specimens  prepared  from  SAE  1215  steel  under  as-received  and 
annealed  conditions.  The  load-displacement  curves  were  recorded,  and 
the  geometrical  changes  of  the  workpieces  and  the  strain  distributions 
were  measured  for  various  combinations  of  punch -workpiece  dimensions. 
Furthermore,  the  mode  of  deformation  was  examined  by  revealing  the 
flow  lines,  and  fracturing  of  the  workpiece  was  also  observed. 

2.  EXPERIMENTAL  PROCEDURES  AND  MEASUREMENTS 

The  experiments  consisted  of  a  series  of  tests  involving  the 
indentation  of  circular  punches  into  a  cylindrical  workpiece  of  SAE 
1215  steel.  Solid  cylindrical  specimens  were  prepared  with  a  diameter 
of  1.75  In.  and  with  thicknesses  of  0,214,  0.440,  0.875,  and  1.75  in. 
The  workpiece  under  the  as-receivcd  condition  was  machined  from  2-in.- 
diameter  extruded  bar  stock.  For  the  annealed  condition  the  workpiece 
was  machined  to  size  and  heated  to  1600*F  for  4  hours,  followed  by 
cooling  In  the  furnace.  The  stress-strain  curves  for  the  steels  under 
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the  two  conditions  are  given  in  Fig.  1.  Circular  punches  with  flat 

and  hemispherical  ends  and  flat  dies  were  made  from  Graph -Mo  and 

heat-treated  to  a  hardness  of  Rockwell  C  55.  These  punches  and  dies 

were  then  ground  and  lapped  to  a  7  <-  10  pin.  surface  finish.  The 

diameters  of  the  punches  were  0.233,  0.440,  and  0.750  in.,  and  the 

flat  punches  each  had  a  corner  radius  of  0.05  in.  Hie  values  of  the 

workpiece  diameter-punch  diameter  ratio* (D  /d  )  and  workpiece  thick- 

o  o 

ness-punch  diameter  ratio  (H  /d  )  are  summarized  in  Table  1. 

o  o 

TABLE  1.  PUNCH  AND  WORKPIECE  DIMENSIONS  AND  THF.IR  RATIOS 


r 

i 

Workpiece 
Thickness 
Ho,  in. 

A 

B 

C 

D 

Punch 

Diameter 

0.214 

0.440 

0.875 

1.75 

a 

o’  ln- 

H  /D 
o  o 

0.122 

0.250 

0.500 

1.00 

D  /d 
o  o 

H  /< 
o 

J 

o 

A 

0.75 

2.34 

0.285 

0.587 

1  .17 

2.34 

B 

0.440 

4.00 

0.487 

1.00 

2.00 

4.00 

C 

0.293 

6.00 

0.730 

1.50 

3.00 

6.00 

D  :  workpiece  diameter  (=  1.75  in.) 
o 

d^:  punch  diameter;  workpiece  thickness 


Tests  were  conducted  for  all  conditions  of  the  workpieces  made  from 
as-received  steel,  but  only  punches  of  0.440  in.  diameter  were  used 
lor  tests  on  annealed  steel  specimens. 

An  apparatus  consisting  of  a  punch  and  die  set,  including  a 
specimen-centering  device,  was  const ructrj.  With  this  apparatus. 


shown  in  Fig.  2,  indentation  was  performed  by  a  160, GOO  lb.  Tinius 
Olson  Tea ting  Machine  at  the  slow  speed  of  0.05  in/min.  The  work¬ 
piece,  punch,  and  die  were  lubricated  with  Punch-Oil  for  all  the 
tests.  The  displacement  of  the  punch  was  measured  by  a  defiectometer, 
and  the  load-displacement  curves  were  obtained  on  a  recorder  attached 
to  the  testing  machine.  The  specimens  were  indented  to  depths  ranging 
from  0.15  in.  to  0.25  in.,  and  the  surface  geometry  was  measured  at 
various  stages  of  punch  displacement.  The  strain  distributions  along 
the  workpiece  surfaces  ware  computed  from  measurements  of  the  distor¬ 
tion  of  grid  patterns  printed  on  the  end  surfaces  of  the  specimens. 

The  grid  distortions  were  measured  by  a  toolmaker’s  microscope,  and 
the  surface  profile  was  determined  by  a  dial  indicator  arrangement, 
shown  in  Fig.  3,  to  an  accuracy  of  0.001  ir..  The  flow  lines  were  re¬ 
vealed  by  etching  at  various  configurations,  and  the  location  of  the 
critics*'  deformation  for  fracturing  was  determined  from  observations 
of  crack  formation.  For  identification  of  test  conditions,  the 
following  symbols  were  used: 

AB  -  A  indenter;  B  specimen;  flat  punch;  as-received  steel 

AB-A  -  A  indenter;  B  specimen;  flat  punch;  annealed  steel 

ABS  -  A  indenter;  8  specimen;  hemispherical  punch;  as-received 

ABS-A  -  A  indenter;  B  specimen;  hemispherical  punch;  annealed 

Symbols  for  the  indenter  and  specimen  are  shown  in  Table  1. 

3.  RESULTS  ANTI  DISCUSSION 

The  results  arc  presented  first  in  detail  with  regard  to  the 
load-displacement  relationships,  the  geometrical  changes  of  the  work- 
piece,  and  the  strain  distributions  for  a  workpiece  material  of  steel 
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under  the  as-received  condition.  Then  the  effect  of  the  materials' 
properties  on  deformation  characteristics  is  shown,  by  comparing 
as-received  and  annealed  steels.  Results  of  the  studies  of  flow 
lines  and  crack  formation  are  also  given. 

a.  Load  (Pressure)-Dlsplacement  Relationships:  Typical  load- 
displacement  curves  for  the  punches  having  flat  and  hemispherical  ends 
are  shown  in  Fig.  4.  When  an  elastic-plastic  material  is  continuously 
loaded  from  a  stress-free  state,  the  plastic  and  elastic  components  of 
distortion  are  at  first  comparable.  As  the  loads  are  increased,  the 
plastic  zone  expands  to  a  size  where  large  strains  become  possible, 
and  the  overall  distortion  increases  at  a  rate  controlled  by  the 
changing  shape  of  the  workpiece.  The  load-distortion  curve  changes  its 
slope  at  the  load  under  which  large  distortion  begins.  Tills  point  is 
described  as  the  yield-point  of  the  body.  The  bend  of  the  curve  is 
much  more  gradual  for  a  punch  with  a  hemispherical  end  than  for  a  flat 
punch  because  of  the  continually  increasing  contact  surface  present  in 
a  hemispherical  punch. 

The  relationships  between  the  indentation  pressure  and  punch  dis¬ 
placement  with  a  flat  punch  are  shown  in  Fig.  b  for  various  workpiece 
thicknesses.  The  effect  of  the  punch  diameter  on  the  pressure- 
displacement  curve  is  given  in  Fig.  6.  "Hie  punch  pressures  given  in 
Figs.  5  and  6  were  computed  from  the  recorded  loads  based  on  the  cross- 
sectional  areas  of  the  punch.  As  seen  in  Fig.  5,  during  the  initial 
increase  of  punch  pressure  the  curves  for  different  workpiece  thick¬ 
nesses  have  more  or  less  the  same  slope.  For  thinner  specimens 

(H  /d  =  0.487  and  1.00)  the  deformation  extends  throughout  the  direc- 
o  o 

tion  of  thickness  at  small  punch  displacements;  this  results  in  edge- 
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lifting  and  the  pressure-displacement  curves  begin  to  deviate  from 
each  other.  For  thicker  specimens  (H  /dQ  =  2.00  and  4.00),  however, 
the  deformation  does  not.  extend  to  the  bottom  surfaces  of  the  work- 
piece,  and  the  pressure-displacement  curves  are  identical.  The  same 
observations  were  made  for  punches  with  diameters  other  than  0.440 
in.  With  respect  to  the  effect  of  the  punch  diameter  on  the  pressure- 
displacement  relationships  shown  for  two  workpiece  thicknesses,  it  is 
observed  that,  regardless  of  the  mode  of  deformation,  the  pressure  is 
higher  for  punches  having  smaller  diameters.  Even  the  initial  rate 
of  pressure  increase  becomes  dependent  or.  the  size  of  the  punch  when  a 
workpiece  is  short  and  edge-lifting  occurs  (Fig.  6a).  Within  the 
range  of  investigation,  no  limiting  value  of  the  workpiece  diameter- 
punch  diameter  ratio  was  found  beyond  which  the  effect  of  the  punch 
diameter  diminishes. 

Although  it  is  difficult  to  determine  the  yield-point  load 
accurately  for  the  scale  of  punch  displacement  used  in  the  present 
study,  the  punch  pressure  at  the  yield  point  appears  to  be  unchanged 
when  the  workpiece  thickness  is  greater  than  twice  the  punch  diameter 
and  the  ratio  of  the  workpiece  diameter  and  the  punch  diameter  exceeds 
a  value  of  4.  The  yield-point  pressure  and  the  initial  yield  stress 
for  as-received  steel  are  approximately  2*0, 000  psi  and  68,000  psi, 
respectively,  giving  P/Y  equal  to  3.1.  These  results  are  in  general, 
in  agreement  with  Male’s  findings  [19J  for  the  plastic  indentation  of 
aluminum. 

Hie  pressure  displacement  relationships  for  punches  with  a  hemi¬ 
spherical  ena  are  shown  in  Figs.  7  and  8.  The  exact  contact  area  and 
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its  variation  during  the  penetration  of  the  punch  are  not  known. 
Therefore,  the  nominal  punch  pressure  given  in  Figs.  7  and  8  was 
calculated  based  on  the  projected  contact  area,  assuming  that  the 
depth  of  the  contact  surface  is  equal  to  the  punch  displacement.  It 
is  again  seen  in  Fig.  7  that  the  effect  of  the  workpiece  thickness 
on  the  nominal  punch  pressure  vanishes  for  thicknesses  greater  than 
twice  the  punch  diameter.  The  effect  of  the  punch  diameter  on  the 
pressure-displacement  curves  is  given  in  Fig.  8.  A  comparison  of  Fig. 

8  with  Fig.  6b  shows  that  conclusions  drawn  for  the  flat  punches  are 
also  applicable  to  punches  with  hemispherical  ends.  Also,  the  yield- 
point  pressures  for  both  types  of  punches  are  approximately  of  the 
same  magnitude. 

b„  Change  of  Surface  Geometry:  The  behavior  of  the  load 
(pressure) -displacement  curves  for  various  workpiece  dimensions  and 
punch  shapes  is  determined  by  the  mode  of  deformation.  Changes  in  the 
deformation  mode  after  the  yield  point  has  been  reaches  can  t.-  re¬ 
vealed  to  some  extent  by  measuring  the  surface  geometry  of  the  work- 
piece  at  various  stages  of  indentation.  Figure  9  gives  the  results 

for  workpieces  of  various  thicknesses  with  a  flat  punch  of  D  /d  =  4.00. 

o  o 

The  corresponding  load-displacement  curves  are  shown  in  Fig.  4.  In 
shorter  specimens  (Fig.  9a,  b) ,  the  plastic  zone  spreads  throughout 
the  direction  of  thickness  first,  and  the  workpiece  edges  are  raised 
(edge-lifting)  at  an  early  stage  of  punch  penetration.  With  increasing 
thickness  of  the  i'orkv. iece ,  the  degree  of  edge-lifting  decreases 
(Fig.  9b).  Relatively  smooth  top-free  surfaces  indicate  that  local 
large  strains  do  not  occur  and  t.he  volume  change  due  to  punch  penetra¬ 
tion  is  accommodated  by  the  bulk  deformation  of  coge-1 i fting.  When 
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the  thickness  of  the  workpiece  further  increases  (Fig.  9c,  d) ,  large 
strains  become  possible  locally,  and  a  pile-up  of  the  edge  forms  a 
so-called  "coronet."  As  the  punch  penetrates,  the  distortion  extends 
to  the  radial  direction  as  well  as  to  the  direction  of  thickness. 

The  changes  in  workpiece  geometry  corresponding  to  the  pressure- 

displacement  relationships  given  in  Figs.  6a,  b  are  shown  in  Figs.  10 

and  11,  respectively.  Figure  10  shows  that  edge-lifting  occurs  in  a 

workpiece  C.440  in.  thick,  and  the  initial  pile-up  of  the  edge  tends 

to  take  place  as  the  value  of  HQ/d^  increases  (Fig.  10b).  In  a  work- 

piece  0,875  in.  thick,  no  coronet  is  formed  when  a  punch  of  large- 

diameter  is  used  (Fig.  11a) ,  but  a  pile-up  of  the  material  is  observed 

with  a  pinch  of  small  diameter.  A  pile-up  of  the  material  near  the 

punch  edge  was  observed  for  conditions  of  H  /d  *  4.00.  It  may  be  of 

o  o 

interest  to  note  that  the  range  of  the  ratios  for  coronet  formation 
coincides  with  the  range  where  the  yield-point  pressure  remains  con¬ 
stant.  In  order  for  the  initial  mode  of  bulk  deformation  to  take  the 
form  of  edge-t ift^ng,  the  workpiece  thickness-workpiece  diameter  ratio 

(H  /D  )  must  be  less  than  0.5.  For  a  workpiece  of  H  /D  that  is  equal 
o  o  o  o 

to  or  larger  than  0.5,  a  different  initial  mode  of  bulk  deformation 
occurs.  When  the  punch  penetration  becomes  sufficiently  large,  how¬ 
ever,  edge-lifting  will  eventually  result.  Figure  12  shows  the  changes 
in  the  surface  geometry  of  the  workpiece  for  punches  having  hemispheri¬ 
cal  ends.  It  is  observed  that  a  pile-up  of  the  material  due  to  a 
local  large  distortion  occurred  for  all  the  conditions.  The  condi¬ 
tion  required  for  edge-lifting  to  appear  as  the  initial  mode  of  bulk 
deformation,  however,  was  the  same  as  that  for  flat  punches,  namely, 
Hq/Do  <  0.5.  A  comparison  of  Fig.  12  with  Fig.  9  shows  the  differences 
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in  surface  geometry  for  the  flat  punch  and  the  hemispherical  punch. 

c.  Strain  Distributions:  The  strains  (circumferential)  were 
measured  along  the  surface  of  the  workpiece  at  various  steps  of  punch 
penetration,  and  the  strain  distributions  were  obtained  in  relation 
to  changes  in  the  surface  geometry  of  the  workpiece.  Figure  13  shows 
the  effect  of  workpiece  dimensions  on  the  strain  distributions 
corresponding  to  the  surface  geometry  given  in  Fig,  9.  For  short 
specimens  in  which  edge-lifting  occurred,  free  surface  strains  are 
compressive  and  tend  to  increase  toward  the  punch,  as  the  penetration 
is  increased,  the  strains  along  the  free  surface  decrease  i':rther,  and 
the  strains  along  the  punch-workpiece  interface  increase  (Fig.  13a). 
When  the  thickness  of  the  workpiece  is  increased,  the  strains  along 
the  free  surface  increase  and  then  begin  to  become  tensile,  as  seen 
in  Fig.  13b.  These  variations  o£  strain  distribution  reflect  the 
bulk  deformation  of  edge-lifting  which  occurred  for  these  specimens. 

Or  the  o'ner  hand,  the  trend  is  reversed  for  thicker  specimens  (Fig. 
13c.  d) .  Strains  along  the  free  surface  are  tensile,  but  they  become 
compressive  under  the  punch.  Large  strains  near  the  edge  of  the 
punch  are,  of  course,  due  to  a  local  large  deformation  of  the  coronet 
type.  The  compressive  strains  under  the  punch,  though  small  in  magni¬ 
tude,  result  from  the  flow  pattern  that  causes  the  coronet  formation. 

While  the  material  adjacent  to  the  punch-workpiece  interface 
undergoes  a  slight  deformation,  a  severe  deformation  occurs  at  some 
distance  beneath  the  contact  surface-  This  mode  of  deformation  con¬ 
tinues  as  the  punch  penetrates,  producing  decreased  strains  at  the 
interface,  while  strains  along  the  free  surface  continue  to  increase. 
The  strains  along  the  lifted  bottom  surfaces  are  tensile,  as  expected. 


10 


-TJv  W  ■  Mg  a  'll  )'U  — ■■ 


IS* 

r;~’\ 


and  the  distribution  decreases  toward  the  outer  edge  of  the  workpiece. 
The  effect  of  the  punch  diameter  on  the  strain  distributions  is  given 
in  Figs.  14  and  15  for  two  workpiece  thicknesses.  Figures  14  and  13b 
give  the  results  for  three  punch  diameters  with  workpiece  thicknesses 
of  Hq/D^  =  0.250.  The  discussions  regarding  the  mode  of  deformation 
given  for  Fig,  13  are  also  applicable  to  these  results.  In  general, 
the  strains  are  tensile,  increase  toward  the  punch,  and  become  com¬ 
pressive  along  the  punch-workpiece  interface.  The  strains  decrease 

with  increased  penetration  of  the  punch.  For  a  workpiece  of  H  /D  = 

o  o 

0.500,  however,  Figs.  15  and  13c  reveal  that  the  strains  increase 
with  larger  punch  penetrations. 

Examples  of  -strain  distributions  for  punches  with  hemispherical 
ends  are  shown  in  Fig.  16.  The  distributions  shown  in  Fig.  16  can  be 
compared  with  those  for  the  fiat  punch  in  Fig.  13.  The  general  shape 
of  the  distr.bution  curve  along  the  free  surface  is  the  same  for  both 
punches,  but  along  the  contact  surface  no  compressive  strains  were 
found  for  spherical  indentcrs.  As  the  punch  penetrates,  the  continued 
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edge-lifting  can  be  realized  by  the  decrease  in  strain  along  the  free 
surface,  and  the  increased  piiing-up  results  in  increased  strain  near 
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the  contact  surface,  as  seen  in  Fig.  16a.  Where  no  edge-lifting  w-cs 
observed.  Fig.  16b,  the  strains  increase  over  the  entire  surface,  and 
no  compressive  strains  were  recorded  again  along  the  interface. 

d.  Effect  of  the  Materials'  Properties:  With  the  use  of  iden¬ 
tical  punches  and  workpiece  geometries,  the  load-displacement  curves, 
surface  geometries,  and  strain  distributions  were  measured  for  inden¬ 
tations  of  annealed  steel.  The  behavior  of  the  annealed  and  as- 
received  materials  are  compared.  Figure  17  shows  the  effect  of  workpiece 
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dimensions  on  the  load-displacement  curve  for  annealed  steel  and 

compares  the  load-displacement  relationship  for  the  two  states  of 

the  steel.  For  annealed  materials,  the  indentation  pressure  is 

higher  when  the  workpiece  is  thicker,  but  it  becomes  identical  for 

specimens  of  H  /d  2  4,00.  This  is  true  also  for  as-received  steels, 
o  o 

The  load-displacement  curves  for  the  two  states  of  material  are  also 
compared  for  H^/d^  =  6,00  in  the  figure.  It  may  be  of  interest  to 
observe  that  the  load-displacement  curves  reflect  exactly  the  charac¬ 
teristics  of  the  stress-strain  curves  shown  in  Fig.  1:  the  variation 
of  the  indentation  pressure  for  the  annealed  material  is  more  rounded 
than  chat  for  as-received  material,  and  the  slope  of  initial  pressure 
increase  depends  on  the  stress-strain  property  of  the  material. 

Conclusions  reached  for  the  flat  punch  (Fig.  17)  are  also  true 
for  hem  i  spherics' l  punches  regarding  the  load-displacement  relation¬ 
ships.  as  shown  in  Fig.  13.  It  can  also  be  seen  in  Fig.  18  that  the 
load-dvsplacement  curves  for  the  two  states  of  materials  converge 
when  the  deformation  involved  becomes  large.  Not  only  are  the  load- 
displacement  relrtionships  for  the  two  materials  different,  but  the 
flow  behaviors  differ  also.  Examples  of  the  surface  geometries  for 
annealed  steel  are  shown  in  Figs.  19  and  20  for  flat  and  hemispherical 
punches,  respectively.  The  test  conditions  for  Fig,  19a,  b,  and  e  for 
annealed  steel  are  the  same  as  those  for  Fig.  9bt  c,  and  d  for  a. 
received  specimens.  When  edge-lifting  occurs  (Fig.  19a),  the  surface 
ccn figurations  do  not  differ  qualitatively  for  the  two  states  of 
maiarlals.  However,  a  difference  in  the  deformation  mode  is  evident 
when  Fig.  19b  and  Fig.  9c  are  compared.  For  as-received  material,  It 
is  clear  that  a  piilng-u.p  occurs  near  the  edge  of  the  punch,  but  this 
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does  not  happen  for  annealed  material.  Furthemore,  at  the  same 
degree  of  punch  penetration,  larger  strains  prevail  throughout  the 
annealed  specimen,  and  the  bulk  deformation  is  such  that  edge-lifting 
occurs.  Similar  differences  between  annealed  and  as-received  steels 
can  be  seen  by  comparing  Fig.  19c  and  Fig.  2d. 

In  Fig.  20  it  is  interesting  to  observe  the  coronet  formation  at 
relatively  large  punch  penetrations.  It  has  not  been  determined  con¬ 
clusively  wnether  the  coronet  is  formed  at  the  yield  point  of  the  body. 
However,  from  the  observations  reported  in  the  literature,  it  appears 
that  a  "sinking-in"  mode  of  deformation  occurs  at  the  yield  point,  and 
piling-up  takes  place  after  the  yield  point  has  been  reached,  when 
penetration  of  the  punch  continues.  Nevertheless,  a  comparison  of  Fig. 
20  with  Fig.  12  shows  thdt  the  piling-up  is  less  pronounced  and  more 
rounded  for  annealed  material  than  it  is  for  as-received  material. 

e.  Flow  Lines  and  Fracturing?  The  0.44  in.  and  1.75  in.  thick 


vorkpieces  which  were  indented  with  punches  having  flat  and  hemispheri¬ 
cal  ends  were  sectioned  along  a  meridian  plane  and  then  polished  and 
etched  to  reveal  the  flow  lines.  Flow  lines  resulting  from  a  flat 
punch  indentation  are  shown  in  Fig.  21.  When  the  flow  lines  for  the 
two  states  of  material  are  compared,  it  becomes  i  lear  that  (1)  severe 
distortions  are  present  beneath  the  flat  punch  surface,  (2)  the  dis¬ 
tortion  is  more  pronounced  for  a  larger  penetration  of  the  punch,  and 
(3/  the  degree  of  distortion  is  less  for  annealed  material  than  for 
as-received  material  for  the  sane  punch  displacement,  Also  evident 
are  the  "piling-up"  and  "sinking-in"  characteristics  of  the  deformation 
for  the  two  materials. 
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This  different  behavior  of  cold-worked  and  annealed  metals  has 
been  well  explaired  by  Hill  [2],  states  that  when  the  work¬ 
hardening  is  slight  (cold-worked  metals),  a  flow  out  to  the.  surface 
with  severe  and  localized  distortion  takes  place  before  the  elastic 
resistance  of  the  bulk  can  be  overcome:  when  the  work-hardening  is 
heavy  the  load  which  would  be  needed  to  effect  a  flow  out  to  the  sur¬ 
face  is  so  great  that  an  inward  displacement  accommodated  by  the  resi¬ 
lience  of  the  whole  specimen  occurs  first. 

A  close  examination  of  Fig.  21  reveals  further  that  for  as- 
received  material  a  conical  zone  under  the  punch  where  the  deforma¬ 
tion  is  small  remains  approximately  the  same  size,  while  for  annealed 
material  this  zone  becomes  definitive  only  for  a  short  specimen. 

Figure  22  shows  the  flow  lines  resulting  from  the  use  of  a  hemi¬ 
spherical  punch.  Under  the  punch  surface,  more  distortion  can  be  ob¬ 
served  for  as-received  steel  than  for  annealed  material,  and  the- 
"piling-up’'  and  ’’sinking-ir.”  deformations  for  the  two  materials  are 
again  clearly  shown.  With  the  hemispherical  punch,  however,  the 
formation  of  severe  distortion  is  quite  different  from  that  for  flat 
punch  indentation,  and  there  is  a  lesser  degree  of  distortion  for  the 
hemispherical  punch  indentation.  Details  of  the  localized  distortions 
along  the  fiat  punch  and  the  hemispherical  punch  are  given  in  Fig.  23. 

Fracturing  occurred  both  in  the  as-received  material  and  the 


annealed  material.  No  analytical  study  was  possible  regarding  the 
effect  of  process  variables  on  fracturing.  The  location  of  the  criti¬ 
cal  state  for  fracturing,  however,  was  found  to  be  in  the  material 
around  the  edge  of  the  punch  where  the  distortions  are  expected  to  be' 
largest.  The  types  of  cracks  that  occurred  are  shown  Jn  Fig.  24.  As 
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far  as  the  surface  strains  are  concerned,  they  are  smaller  for 
annealed  materials  because  of  the  mode  of  deformation,  and  their 
workability  may  well  be  influenced  by  the  deformation  characteristic 
in  the  process  involved. 

4.  YIELD-POINT  LOAD  AND  LIMITING  WORKPIECE  DIMENSIONS 

In  many  problems  the  yield-point  load  is  the  quantity  of  greatest 
interest,  and  the  main  object  of  theoretical  and  experimental  analyses 
has  been  to  obtain  this  quantity.  In  the  problem  of  indentation  the 
yield-point  load  varies  with  the  workpiece  dimensions  and  becomes  con¬ 
stant  when  the  workpiece  dimensions  are  large  enough  in  comparison 
with  the  punch  dimension.  Another  important  problem  is  that  of  deter¬ 
mining  the  limiting  workpiece  dimensions  beyond  which  the  yield-point 
load  is  constant  and  the  workpiece  can  be  considered  as  a  semi-infinite 
body.  Because  of  the  general  interest  in  these  two  problems,  additional 
discussion  concerning  them  is  given  here. 

For  the  flat  punch  Indentation  of  as-received  SAE  1215  steel,  it 

was  found  that  the  yield-point  pressure  remained  unchanged  for 

H  /d  £  2.00  and  D  /d  £  4.00,  and  the  yield-point  value  was  given  bv 
o  o  o  o 

P/Y  =  3.1,  where  Y  is  the  yield  stress.  For  a  punch  having  a  hemi¬ 
spherical  end,  the  same  conclusion  was  found  wVth  regard  to  the  values 
of  the  yield-point  punch  pressure  and  the  limiting  workpiece 
dimensions. 

Shield  [5]  obtained  an  exact  solution  for  axisymmetric  indentation 
by  a  flat  circular  punch.  Using  the  slip-line  method  based  on  the 
Tresca  yield  and  potential  functions,  he  found  th<-'  value  of  the  average 
pressure  over  the  smooth  punch  to  be  5.69k  (2.84Y).  Shield  further 
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showed  that  the  complete  stress  field  can  be  obtained  by  extending 
the  slip-line  field  into  the  rigid  region  within  the  specimen  dimen¬ 
sions  given  by  H  /d  =  1.68  and  D  /d  =  3.20. 

o  o  o  o 

Levin  [20]  applied  the  upper-bound  method  to  the  indentation  of  a 
smooth,  flat,  rigid  punch  into  a  perfectly  plastic  material  which 
obeys  Tresca’ s  yield  criterion.  He  found  that  5.84k  (2.92Y)  is  an 
upper  bound  on  the  indentation  .pressure. 

Chen  [21]  recently  applied  the  bounding  method  to  the  problem  of 
indentation  on  a  block  of  finite  dimensions.  He  obtained  upper  and 
lower  bounds  of  the  limiting  punch  pressure  during  indentation  of  a 
square  punch  on  a  square  block  and  a  circular  punch  on  a  circular 
cylinder  for  a  rigid-plastic  material  which  obeys  the  Tresca  yield 
condition  and  the  associated  flow  rule.  Chen  found  that  for  a  circu¬ 
lar  cylinder  for  which  D0/d0  is  larger  than  3.59  (rough  punch)  or 
3.20  (smooth  punch),  the  average  indentation  pressure  becomes  equal 
to  that  of  a  circular  punch  on  the  surface  of  a  semi-infinite  solid. 

The  indentation  pressure  and  the  limiting  workpiece  dimensions  found 
in  the  present  experiment  are  in  surprisingly  good  agreement  w’ith 
those  obtained  theoretically. 

For  a  spherical  indenter,  Tshliitsky  [22]  has  determined  analyti¬ 
cally  the  pressure  between  the  indenter  and  the  indentation  at  the 
yield  point.  Using  the  slip-line  method  based  on  the  Harr- Kaman 
hypothesis,  he  found  the  value  of  the  pressure  (load  divided  by  the 
projected  area  of  the  indentation)  to  be  2.66Y. 

The  specimens  in  the  Brinell  hardness  test  should  be  large  enough 
to  ensure  that  all  the  plastic  flow  occurs  within  a  region  considerably 
smaller  than  the  specimen  itself.  Tabor  [6]  suggested  as  a  working 
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standard  the  use  of  a  specimen  with  a  thickness  at  least  10  times  the 
depth  of  the  indentation  for  hard  metals  and  at  least  15  times  the 
depth  for  softer  metals.  He  also  recommended  that  the  specimen  be 
about  4  times  wider  than  the  diameter  of  the  impression.  For  a  usual 
impression  whose  diameter  is  approximately  half  that  of  the  indenter, 
the  limiting  workpiece  dimensions  become  HQ/d0  =  1  and  D^/d^  =  2< 

The  limiting  workpiece  dimensions  in  the  hardness  test  depends 

i 

on  the  degree  of  the  deformation  involved  .n  the  test.  However,  if 
the  impression  is  made  near  the  yield  point,  more  conservative  values 
for  the  limiting  workpiece  dimensions  seem  to  be  appropriate. 

With  further  penetration  of  the  punch  beyond  the  vield  point,  the 
mode  of  bulk  deformation  becomes  significant.  In  spite  of  the  impor¬ 
tance  of  the  deformation  in  this  range,  no  theoretical  analysis  has 
been  attempted  for  deep  indentation  except  the  work  of  Johnson 
and  Kudo  f23]  who  used  an  upper-bound  approach  for  plane-strain  deep 
indentation. 

5.  CONCLUSIONS 

(1)  For  the  flat  punch  indentation  of  SAE  1215  steel,  as-received, 

the  yield  point  pressure  remained  unchanged  for  the  range  of 

specimen  dimensions  of  H  /d  £  2.00  and  D  /d  2  4.0G,  and  the 

o  o  o  o 

yield  point  value  was  p  s--  3.1Y. 

(2)  In  the  range  of  punch  displacement  investigated,  the  pressure- 

displacement  curves  become  identical  for  £  2.00  for  the 

same  punch  diameter,  but  no  limiting  value  was  found  for 

D  /d  S  6.00, 
o  o 

(3)  The  same  conclusions  are  reached  as  in  (1)  and  (2)  above  for  the 
indentation  of  SAE  1215  steel  as-received,  with  the  punch 
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having  a  hemispherical  end. 

(4)  The  deformation  behavior  of  the  two  states  of  SAE  1215  steel 
near  the  yield  point,  is  characterized  by  "piling-up'*  and 
"sinking-in"  for  as-received  and  annealed  materials,  respectively. 

(5)  Edge-lifting,  as  an  initial  mode  of  bulk  deformation,  occurred  for 
the  workpiece  dimensions  of  Kq/Do  <  0.5  with  both  types  of  punches. 

(6)  Flow  lines  revealed  the  differences  in  the  deformation  behavior, 
depending  on  the  punch  shape,  workpiece  dimensions,  and  the 
material  i'  properties;  the  location  of  the  critical  state  for 
fracttring  was  found  to  be  in  the  material  around  the  edge  of  the 
punch. 


. 
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Fig.  7  Pressure-di.splccement  curves  for  a  hronispherical 
punch  of  0,-14  in.  diameter  for  various  work’- 
piece  thicknesses. 
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Fig,  IS  Strain  distributions  for  the  punch  with  a  hemispherical  end. 
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SECTION  II.  DEVELOPMENT  OF  THE  MECHANICS  OF  PLANE  STRAIN 
SIDE-PRESSING  OF  CIRCULAR  CYLINDERS 

by 

S.  Sohrabpour*  and  Shiro  Kobayashl 
1 .  INTRODUCTION 

In  advanced  forging  techniques,  such  as  incremental  forgings,  the 
problems  of  compression  or  indentation  of  workpieces  of  complex  shapes 
by  dies  of  various  geometries  are  involved.  For  a  successful  forging 
operation,  it  is  necessary  to  predict  and  control  the  defects  occur¬ 
rences  and  product  qualities.  To  achieve  these  ultimate  objectives, 
it  is  essential  tc  have  Information  on,  among  other  things,  the  deforma¬ 
tion  characteristics  that  occur  during  the  operation.  The  present 
investigation  deals  with  the  detailed  mechanics  involved  in  the  side¬ 
pressing  of  cylindrical  rods  under  plane-strain  conditions. 

The  side-pressing  of  cylindrical  rods  is  one  of  the  important 
primary  metal-working  processes,  and  it  has  been  used  in  determining 
the  forgeability  of  materials  fl,  2]**  A  number  of  investigations  on 
the  mechanics  of  side-pressing  of  cylindrical  rods  can  be  found  in  the 
literature  [3,  4,  5]. 

Using  the  slip-line  field  technique,  Kudo  and  Nagahama  [4]  ana¬ 
lyzed  the  upsetting  of  circular  rods  under  plane-strain  conditions, 

Jain  and  Kobayashi  [5]  investigated  the  deformation  and  fracture 
characteristics  that  occurred  during  the  pressing  of  cylindrical  rods 

*  Graduate  student,  Mechanical  Design. 

**Numbers  in  brackets  refur  to  the  references  at  end  of  Part  II. 
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with  machined  flats  of  various  widths.  Despite  the  fact  that  the 
slip-lice  theory  they  used  in  the  analysis  was  based  on  the  assumption 
of  rigid,  perfectly  plastic  materials,  it  agreed  very  well  with  ob¬ 
servations  of  the  mean  die  pressure  at  the  yield  point,  the  load- 
displacement  relationships,  the  effect  of  friction  at  the  interface, 
and  the  effect  of  specimen  geometry  on  the  deformation  characteristics. 
Jain  and  Kobayashi  pointed  out,  however,  that  the  critical  conditions 
for  defects  occurrence  can  be  determined  only  if  accurate  information 
on  the  local  stress  and  strain  distributions  are  available,  taking 
into  account  the  work-hardening  property  of  the  material. 

Oxley  f6]  has  shown  how  the  basic  equations  for  the  stress  varia¬ 
tion  along  the  slip  lines  are  modified  if  the  yield  stress  of  the 
material  varies  throughout  the  field.  It  can  be  shown  in  this  case, 
too,  that  the  slip-line  field  consists  of  two  families  of  orthogonal 
curves  and  they  are  the  characteristics  of  the  governing  equations 
when  the  distribution  the  yield  stress  is  known.  Therefore,  it  is 
not  impossible  to  construct  a  slip-line  fielt.  for  work-hardening 
materials  numerically  in  certain  boundary-value  problems  if  the  yield 
stress  distribution  throughout  the  field  is  given.  However,  simple 
geometric  rules  concerning  the  slip-line  field,  such  as  Her.cky-Prandtl 
theorems,  are  no  longer  applicable.  Furthermore,  in  most  plastic 
deformation  problems,  the  distribution  of  yield  stress  due  to  work- 
hardening  can  be  obtained  only  experimentally  by  observing  the  metal 


flow.  Oxley  constructed  a  slip-line  field  in  the  machining  process 
from  the  observed  boundary  of  the  plastic  zone.  The  hodograph  for 
this  slip-line  field  w as  then  constructed  and  compared  with  the  ob¬ 
served  velocity  distribution.  The  initial  shape  of  the  plastic  zone 
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was  adjusted  until  a  more  acceptable  hodograph  was  obtained. 

Inasmuch  as  experimental  observations  of  velocities  rau?t  be  made 
for  constructing  a  s? ip-line  field,  these  velocities  may  then  be  used 
directly  to  complete  the  corresponding  sli:»-line  field,  thus  obtaining 
a  complete  solution  to  the  problem.  This  is  the  procedure  exactly 
followed  in  the  visioplasticity  method  [7-11],  which  has  been  used 
extensively  to  solve  extrusion  problems  [12,  13,  14].  Usu\  [IS,  16] 
applied  the  visioplasticity  technique  to  the  analysis  of  discontinuous 
chip  formation,  sfe  used  the  equilibrium  equations  referring  to  the 
slip-line  directions  for  deriving  the  stresses.  Using  a  new  technique 
for  observing  the  flow  pattern  in  chip  formation,  Childs  [17]  made  a 
stress  analysis  based  both  on  the  slip-line  and  principal -stress  fields. 

In  this  investigation  the  detailed  mechanics  of  the  side-pres3ing 
of  circular  cylinders  under  plane-strain  conditions  were  obtained, 
based  on  the  observed  flow  patterns  of  commercially  pure  aluminum  and 
copper  specimens.  Slip-line  fields  and  corresponding  hodographs  were 
constructed,  and  a  stress  calculation  was  made  with  the  aid  of  the 
equilibrium  equations  referring  to  the  slip-line  directions.  The 
effects  on  the  deformation  characteristics  of  friction  at  the  interface, 
material  properties,  and  initial  geometry  of  the  specimens  were 
examined  in  terms  of  flow  lines  and  strain  and  strain-rate  distribu¬ 
tions. 

2.  METHOD  OF  ANALYSIS 

The  process  of  side-pressing  is  a  nonstesdy-stqte  problem.  The 
plastic  zone  size  and  the  specimen  geometry  vary’  f ram  moment  to  moment. 
For  rigid,  plastic  materials  with  work-hardening  the  flow  stress  C  is 
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expressed  as  a  function  of  the  effective  strain  S,  where  S  and  o  are 
defined  by 

c  *  f  de  =  *~  j  ./(de1-de2)2  +  <de2-de.,)2  +  tde3-de1>2 

and 

5  =  l(0rV2  +  <v°3)2+  <W2j 


with  the  principal  stresses  C  ,  C  ,  o  and  the  principal  incremental 

i  2.  *5 

strains  d€. ,  de  ,  dc_.  The  effective  strain  distribution  and  thus  the 

1  2  O 

yield  stress  distribution  also  can  be  obtained  at  any  instant  by  in¬ 
tegrating  the  Incremental  effective  strain  for  each  element  from  the 
beginning  of  deformation  to  that  instant.  This  necessitates  a  con¬ 
tinuous  observation  of  flow  patterns  during  the  process.  At  any  stage 
or  deformation,  the  incremental  displacement  or  velocity*  distribution 
can  be  obtained  by  the  superposition  of  two  consecutive  flow  patterns 
having  a  short  time  interval.  The  incremental  strain  components  or 
strain-rate  components  are  then  calculated  from  the  observed  dis- 
placesvent  field.  The  known  strain-rate  components  can  be  used  not 
only  for  finning  the  yield  stress  distribution  due  to  work -hardening, 
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but  also  for  calculating  the  stresses.  This  is  a  principle  of  the 
visioplasticity  method.  Since  the  work-hardening  characteristics  of 
the  material  are  expressed  by  C  -  3(e),  we  assume  the  materials  are 
incompressible,  obeying  the  von  Mises  yield  criterion  and  its  asso¬ 
ciated  flow  rule. 

With  reference  to  the  Cartesian  coordinate  system  x,  y,  s,  the 
governing  equations  under  plane-strain  conditions  =  0)  are 


’incremental  displacement  of  a  point  divided  by  the  movement  of  the 
die  gives  a  velocity  at  that  point  for  unit  die  velocity. 
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'"here  CT  ,  a  ,  a  are  stress  components  and  c  ,  e  ,  V  are  strain- 
x’  y  xy  x'  y  xy 

rate  co&ponerts.  Equations  (1)  and  (2)  can  be  solved  for  three  stress 
components  by  the  method  of  characteristics,  namely,  the  slip-line 
method.  Since  the  construction  of  a  slip-line  field  is  extremely 
difficult,  particularly  when  the  yield  stress  varies  throughout  a 
deforming  body,  the  known  strain-rate  components  are  used  in  various 
ways  for  the  stress  analysis.  In  one  method  [11],  combining  Eqs.  (2) 
and  <3; , 

s  =  -  e  =  xco  -  a  ) 

x  y  x  m 


Y  =  £Xt 
xy  xy 


<4> 


where 


V  =  -  4  ,  c  =o  *  i(o  ♦>  a  ) 

2  (j  X  z  2  x  y 


Equation  (4)  prerides  two  relationships  for  three  stress  components 
and  the  third  will  be  one  of  the  two  equilibrium  equations  given  in 
<1>.  The  remaining  equilibrium  equation  can  be  used  partially  for 
substantiating  insufficient  boundary  condition!  and  aloo  for  examining 
the  accuracy  of  th?  computed  solution. 

In  the  second  method  [J.7l,  the  principal  stress  field  is  con¬ 
structed  from  the  strain-rate  components  according  to 
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tan  20  =  — r^- 
2C 

x 


where  0  is  the  angle  measured  anticlockwise  from  the  x-axis  to  the 
CXj  -  axis  (o^  >  Og) .  Then  the  principal  stresses  are  calculated  from 
the  equilibrium  equations  expressed  along  the  principal  stress  direc¬ 


tions  as 


Zi  *  w  „  ,  »  .  „ 

ds^  1  2  5s2 


P  *  <« -a ,)  |2-  =  0 

ds2  1  2  ^ 


The  overall  accuracy  of  the  field  construction  and  stress  computation 
is  examined  with  the  aid  of  the  yield  condition. 

The  third  method  consists  in  performing  the  stress  calculation,  based 
on  the  equilibrium  equation  along  the  slip-lines,  the  fields  of  which  can 
be  constructed  from  the  known  strain-rate  distribution  [6,  15].  The 
equilibrium  equations  along  the  slip-lines  become 

5—  -  2k  =  0  along  ar-line 

9sa  SsB 

(7) 

dcr  3®  3k  _  ,  a  , . 

t —  +  2k  +  -r —  =  0  along  B-line 
5sg  dsp  Ss^ 

where  O  and  k  are  the  normal  and  shear  stresses  along  the  si ip- line 
respectively,  and  s  and  sc  are  the  distances  along  the  slip  lines  of  each 
family.  The  two  families  of  slip-lines  or  and  8  are  distinguished  in  such 
a  way  that  if  they  are  regarded  as  a  pair  of  right-handed  curvilinear 
axes,  the  line  of  action  of  the  algebraically  greatest  principal  stress 
falls  in  the  first  and  third  quadrant  [18].  The  angle  tp  is  the 
anticlockwise  angular  rotation  of  the  Q'-line  from  the  x-axls.  In 
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Eq.  (7) ,  the  shear  stress  k  is  given  by  k  =  a/L 3  according  to  the 
yield  condition,  and  its  distribution  is  known  throughout  a  deforming 
body.  The  accuracy  of  the  computation  as  well  as  the  construction 
of  the  slip-line  field  can  be  checked  by  the  fact  that  the  stress 
value  at  a  point  is  independent  of  the  integration  paths,  or  by  an 
examination  of  the  orthogonality  relation ‘between  the  slip-line  field 
and  the  hodograph.  This  orthogonality  condition  should  hold  for  work¬ 
hardening  materials  also,  so  long  as  the  materials  are  assumed  to  be 
incompressible 

In  the  present  investigation  the  slip-line  method  was  used  for 
the  stress  analysis.  Integrating  Eq.  (7),  we  obtain 


O  -  2  ■  k  ijSL-  ds  +  I*  ds  =  const. 

al  ong  or-1  ines 


r  Sto  r  ^k 

o  +  2  I  k  ds„  +  - —  ds.  s  const, 

a  esp  c  j  B 


along  8-lines 


(8) 


Equation  (8)  is  the  basis  for  determining  the  stress  field  from  the 
slip-line  field.  Once  the  value  of  CT  is  known,  the  stress  components 
can  be  deduced  from  the  relationships  given  by 


c  =  O  -  k  sin  2a  ,  r  =  k  cos  2© 
x  xy 

0=0+ksin2cp 

y 

3.  EXPERIMENTS  AND  CALCULATION  PROCEDURES 

The  experiments  consisted  of  side-pressing  at  room  temperature, 
cylindrical  rods  of  commercially  pure  aluminum  and  copper,  having 
machined  flats  of  various  widths.  Observations  of  grid  distor¬ 


tions  were  made  and  the  load-displacement  curves  were  recorded  for 
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various  specimen  geometries  with  smooth  and  rough  dies. 

Circular  cylinders  1  in.  in  diameter  (2R  )  and  1  in.  long  were 

o 

prepared  from  aluminum  1100-F  and  commercially  pure  hard  copper,  and 
parallel  flats  of  various  widths  were  machined  to  give  the  following 
initial  geometry: 


The  stress-strain  curx-es  of  the  two  materials  are  given  in  Fig.  1. 

Two  interface  friction  conditions  were  used  in  the  tests.  Low 
friction  was  achieved  by  using  smooth  dies  lapped  to  an  8  pin.  surface 
finish  and  by  applying  Fluorocarbon  spray  lubricant.  For  high  fric¬ 
tion,  rough  dies  having  machined  serrations  900  pin.  deep  were  used, 
and  the  specimens  and  die  surfaces  were  cleaned  with  ethylene 
dichloride  and  dried  before  each  test. 

The  experimental  setup  is  shown  in  Fig.  2.  The  experiments  were 
performed  with  an  apparatus  for  plane-strain  side-pressing  placed  on  a 
160, 000-lb.  Tinius  Olson  testing  machine  with  a  speed  of  0.05  ir./min. 
This  apparatus  was  also  used  for  a  previous  study  on  the  fracturing  of 
a  high  strength  aluminum  alloy  during  side-pressing  [13],  The  dis¬ 
placement  of  the  die  was  measured  with  a  cleflectometer,  and  the  load- 
displacement  curves  were  obtained  on  a  recorder  attached  to  the  test¬ 
ing  machine.  A  Nikon  camera  was  mounted  in  front  of  the  side-pressing 
apparatus  for  photographing  the  grid  patterns  behind  a  glass  plate. 

Grid-lines  with  0,050  in.  spacing  were  printed  on  one  end  surface 
of  the  specimen,  using  the  Kodak  Fhoto-Resist  method.  The  copper 
specimens  were  coated  with  tin  before  grid-printing  to  give  a  better 
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contrast  in  the  photographs,  A  series  of  photographs  of  the  grid 


patterns  was  taken  at  an  interval  of  0.020  in.  of  die  displacement. 

The  grid  distortions  were  traced  by  a  scanning  machine  at  the  Lawrence 
Radiation  Laboratory,  and  the  current  coordinates  of  each  grid  point 
in  these  patterns  were  punched  on  IBM  cards.  These  coordinates  con¬ 
stitute  che  input  data  for  the  analysis. 


The  analysis  begins  with  a  calculation  of  the  strain-rate  field 
from  the  coordinates  of  the  grid  points  f20j.  With  reference  to  Fig. 

3,  the  grid  pattern  shown  by  solid  lines  distorts  to  that  given  by- 
dashed  lines  after  a  time  increment  At.  The  deformed  grid  pattern  is 
translated  so  that  the  points  (0,  0)  and  (0,  0)/  coincide.  The  strain- 
rate  components  can  then  be  calculated  by¬ 
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where  (x^,  y^),...  aro  t*1<?  x“  anc*  y-coordinatcs  of  the  points 
(1,  0),...,  and  the  prime  indicates  the  coordinates  after  the  incre¬ 
mental  deformation.  Calculated  values  of  £  and  €  generally  satis- 

x  y 

fied  the  incompressibility,  namely,  =  -  e^,  with  negligible  error. 

The  effective  strain  rate  is  obtained  from  the  strain-rate  components. 

based  on  the  relationship  given  by  €  =  -=  ,/4e"  +  for  plane-strain. 

/3  <  x  xy 

Ir<  order  to  construct  the  slip-line  field,  the  maximum  shear 
strain-rate  directions  were  determined  within  the  deforming  region 
according  to 
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tan  2tp  -  t-^-  =  -  : — —  . 

7  V 

xy  xy 

The  foregoing  calculations  were  made  by  a  computer.  The  slip¬ 
lines  were  found  graphically  after  the  maximum  shear  strain-rate 
directions  were  obtained.  The  hodograph  was  derived  from  the  measured 
incremental  displacement  field  and  compared  with  the  slip-line  field  to 
examine  the  orthogonality  between  them.  The  slip-line  field  was  then 
adjusted  until  the  orthogonality  relationship  was  satisfied.  After  the 
slip-line  field  was  constructed,  the  distribution  of  the  yield  stress 
was  obtained  along  the  slip-lines  by  a  linear  interpolation.  The  cal¬ 
culation  of  stresses  along  the  slip-lines  is  possible  using  Eq.  (8). 
Integration  str rts  from  u  point  on  the  free  surface  that  is  definitely 
in  a  plastic  state.  Calculation  of  the  yield  stress  distribution  and 
subsequent  stress  calculations  were  again  made  with  a  computer. 

Observations  of  the  flow  patterns  and  calculations  of  the  strain 
and  strain-rate  were  made  for  all  the  tests.  The  construction  of  the 
slip-line  field  and  the  stress  analysis,  however,  wen  performed  only 
for  the  side-pressing  of  circular  cylinders  of  copper  specimens  with 
smooth  dies.  Although  the  load -displacement  curves  were  recorded,  the 
results  are  not  shown  here  because  the  general  behavior  of  load- 
displacement  characteristics  involved  in  side-pressing  has  been  dis¬ 
cussed  elsewhere  [19], 

4.  DETAILED  MECHANICS  OF  SIDE-PRESSING 

CIRCULAR  CYLINDERS  OF  COPPER 

Examples  of  grid  patterns  at  various  reductions  in  height  for 
smooth  and  rough  dies  are  shown  in  Fig.  4.  The  darker  area  of  the 
specimen  scon  in  the  figure  is  the  zone  where  deformation  occurred 
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against  the  glass  plate  in  the  direction  of  plane-strain  constraint. 
The  width-height  ratio  (W/H)  is  a  decisive  factor  in  side-pressing 
deformation,  and  this  ra'.io  varies  during  compression.  The  W/H  ratio 
values  obtained  from  Fig.  4  are  as  follows: 


Reduction  l 
in  Height  {%)  I 


Rough  Die 


10 

20 

30 

40 

0.41a 

0.769 

1.210 

1.770 

0.419 

0.750 

1.198 

1.756 

It  is  observed  in  Fig.  4  that  the  plastic  deformation  zone  spreads 
through  the  workpiece  material  between  the  dies,  leaving  a  part  of 
the  workpiece  at  both  sides  undeformed.  The  boundary  between  these 
two  regions  can  be  visualized  by  superposing  the  distorted  grid 
pattern  over  the  original  grid  lines.  Figure  5  shows  an  example  of 
these  boundaries.  The  deformation  zone  has,  in  genei-al ,  a  shape  similar 
to  the  one  assumed  in  the  slip-line  field  for  perfectly  plastic 
material,  but  is  is  larger  in  size,  because  in  work-hardening  materials 
the  localized  deformation  zone  diffuses  to  a  finite  zone.  Flow  lines 
shown  in  Fig.  6  were  obtained  by  following  the  displacement  path  of 
each  grid  point.  Flow  lines  for  rough  and  smooth  dies  are  compared 
during  deformations  up  to  a  40  percent  reduction  in  height.  A  close 
examination  of  Fig.  6  reveals  that  a  minor  difference  exists  in  the 
flew  line  directions  for  rough  and  smooth  dies  at  the  beginning  of 
deformation,  but  the  difference  in  the  flew  direction  as  well  as  in 
the  total  distance  of  point  movement  becomes  more  pronounced  as  the 
deformation  continues.  It  can  be  recalled  that  for  the  indentation 
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problem,  the  slip-line  theory  for  rigid,  perfectly  plastic  materials 
predicts  the  presence  of  a  rigid  zone  beneath  the  die  and  thus  the 
occurrence  of  identical  deformation  for  all  friction  conditions  at  the 
interface  when  the  width-height  ratio  is  equal  to  or  less  than  unity. 
Experiments  [5]  indicated  that  the  actual  material’s  behavior  was  in 
agreement  with  the  predictions  in  terms  of  load-displacement  curves. 
Therefore,  the  flow  lines  for  rough  and  smooth  dies  would  he  expected 
to  be  the  same  for  10  and  20  percent  reductions  in  height  where  the 
width-height  ratio  is  smaller  than  1,  but  they  would  be  expected  to 
deviate  from  each  other  for  larger  deformations  since  the  width-height 
ratio  increases  and  exceeds  unity  with  increasing  deformation. 

Figure  7  gives  the  measurements  of  the  relative  sliding  displace¬ 
ment  (Au)  of  the  deforming  material  during  a  small  die  displacement 
(All)  ,  and  these  measurements  suggest  the  presence  of  a  rigid  body  near 
the  die-workpiece  interface  at  the  beginning  of  deformation.  For  real 
situations,  however,  the  rigid  body  assumption  is  only  approximate. 

The  effect  on  the  overall  deformation  of  friction  conditions  at  the 
interface  is  also  shown  by  calculating  the  strain  distributions  within 
the  deforming  body.  Figure  8  shows  the  strain  distributions  along  the 
horizontal  axis  of  symmetry  (x-axis)  at  various  stages  of  deformation 
for  the  two  friction  conditions.  The  strain  is  large  and  tensile 
at  the  center  of  the  specimen  but  decreases  toward  the  free  surface. 

It  is  of  interest  to  note  that  the  strain  distributions  for  rough  and 
smooth  dies  are  almost  the  same  for  10  and  20  percent  reductions  in 
height,  but  they  differ  considerably  for  larger  deformations.  The 
strain  levels  correspondong  <.o  homogeneous  deformation  are  given  for 
reference. 
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The  strain  distributions  along  the  vertical  axis  of  symmetry 
(y-axis)  are  shown  In  Fig.  9.  Again,  a  large,  tensile  strain  was 
found  at  the  center  of  the  specimen,  decreasing  toward  the  die.  It 
is  evident  that  a  region  of  small  deformation  exists  beneath  the  die, 
except  when  a  reduction  is  40  percent  with  a  smooth  die,  and  that  the 
deviation  of  the  strain  distributions  for  the  two  friction  conditions 
is  confirmed  for  width-height  ratios  larger  than  unity.  The  detailed 
deformation  characteristics  can  be  represented  by  the  distribution  of 
the  effective  strain.  This  is  shown  in  Fig.  10  for  various  stages  of 
deformation.  A  comparison  of  effective  strain  distributions  for  smooth 
and  rough  dies  is  also  shown.  At  a  10  percent  reduction  in  height 
(Fig.  lOai ,  the  largest  strain  was  found  along  the  vertical  axis  of 
symmetry  at  some  distance  from  he  die-workpiece  interface.  The  loca¬ 
tion  of  the  largest  effective  strain  moves  to  the  center  of  the  speci¬ 
men  when  the  reduction  in  height  is  20  percent  (Fig.  10b),  Also  at 
this  reduction,  the  region  of  large  strain  appears  near  the  edge  of 
the  contact  surface.  It  is  observed,  too,  that  the  difference  in  the 
degree  of  deformation  for  the  two  friction  conditions  at  these  reduc¬ 
tions  is  minor.  At  a  larger  deformation  (Fig.  10c)  the  trend  of  the 
distributions  is  similar  for  rough  and  smooth  dies,  but  there  is  some 
difference  in  the  magnitudes.  Finally,  at  a  reduction  of  40  percent 
(Fig.  lOd) ,  an  appreciable  difference  is  apparent  not  only  in  the  magni¬ 
tude  of  the  effective  strain,  but  also  in  the  form  of  the  distribution. 
The  largest  strain  remains  at  the  center  of  the  specimen,  suggesting 
that  this  area  may  be  a  critical  location  for  defects  occurrence  in 
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this  process. 


Since  the  stress  system  also  is  a  critical  factor  for  fracturing, 
we  now  examine  the  stress  distributions.  For  stress  analysis,  the 
slip-line  fields  were  determined  from  the  maximum  shear  sirain-rute 
directions  at  each  grid  point,  and  then  modified,  using  a  hodograph 
constructed  from  the  incremental  displacement  distributions  obtained 
experimentally.  The  slip-line  fields  and  corresponding  hodogrgphs  are 
shown  in  Fig.  11  for  smooth  dies  at  various  reductions.  The  letters 
and  numbers  indicate  the  corresponding  points  in  the  slip-line  field 
arid  the  hodograph.  The  slip-line  fields  obtained  from  the  experimen¬ 
tal  velocity  fields  are  seen  to  differ  appreciably  from  those  found  for 
perfectly  plastic  materials  in  the  transition  region  from  the  deforming 
zone  to  the  rigid  zone.  Shabaik  f21  examined  the  flow  field  in  the 
plane-strain  compression  of  a  slab  and  reached  a  similar  conclusion, 
which  led  him  to  propose  a  new  slip-line  solution  to  the  problem. 

Using  Eq.  (8),  the  stresses  were  calculated  from  the  slip-line 

fields  shown  in  Fig.  11.  Figu-es  12  and  13  show  the  CT  and  a  dis- 

x  y 

tributions  along  the  x-axis„  rhe  stresses  are  normalized  by  dividing 

i  2 

by  Y  =  Y  ,  where  Y  is  the  initial  yield  stress  of  the  material. 

In  Fig.  12,  the  stress  is  tensile,  then  decreases  as  the  deformation 
continues,  and  becomes  compressive  near  the  center.  This  change  of 
the  stress  distribution  is  caused  by  a  spread  of  the  plastic  deforma¬ 
tion  zone  sideways  with  the  increasing  width-height  ratio.  The  stress 
is  always  compressive  with  the  largest  magnitude  at  the  center,  and  its 
magnitude  increases  with  the  increased  deformation.  The  3trcss  dis¬ 
tributions  along  the  y-axis  are  given  in  Figs.  14  and  15.  The  distribu¬ 
tions  calculated  from  slip-line  fields  for  rigid,  perfectly  plastic 
materials  are  also  shown  at  10  and  20  percent  reductions  for  comparison. 
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The  stress  CT^  shown  in  Fig.  14  is  comprest  ive  near  the  die  surface  and 
becomes  tensile  toward  the  center  of  the  specimen  at  a  10  percent  re¬ 
duction,  but  the  distributions  at  larger  reductions  indicate  an  opposite 
trend.  Also,  the  stress  distribution  at  a  1C  percent  reduction  agrees 
well  in  magnitude  and  trend  with  that  obtained  for  perfectly  plastic 
materials,  but  no  correlation  exists  between. them  at  a  20  percent  re¬ 
duction.  Similar  results  are  obtained  for  the  stress  distribution  of 
in  Fig.  15.  Comparing  the  stress  at  10  percent  and  at  larger 
reductions,  again  the  opposite  trend  is  seen  in  its  distributions,  and 
the  distribution  at  a  20  percent  reduction  aoparently  shows  no  simi¬ 
larity  with  that  ior  perfectly  plastic  materials.  A  comparison  of  the 
stress  distributions  for  work -hardening  materials  and  for  perfectly 
plastic  materials  shown  in  Figs.  14  and  15  indeed  confirms  the  remarks 
made  with  regard,  to  the  slip-line  fields  in  Fig.  11, 

In  Fig.  16,  the  distribution  of  o ,  which  is  equal  to  the  hydro¬ 
static  component  \ (a  +  C  )  for  plane  strain,  is  shown  throughout  the 

x  y 

deforming  region.  At  a  10  percent  reduction  (Fig.  16a),  there  is  a 
large  amount  of  hydrostatic  pressure  near  the  die,  and  a  hydrostatic 
tension  region  is  observed  near  the  center  of  the  specimen.  V-lien  the 
reduction  is  20  percent,  the  region  of  large  hydrostatic  pressure 
moves  toward  the  center  of  the  specimen  and,  in  addition,  a  large 
pressure  zone  appears  near  the  edge  of  the  contact  surface  (Fig.  16b). 
The  pressures  at  these  two  regions  increase  as  the  reduction  increases 
(Fig.  16c),  but  become  somewhat  relaxed  at  n  reduction  of  40  percent. 

The  distributions  of  shown  in  Fig.  16  are  directly  responsible  for 
the  small  deformation  against  the  glass  plate  in  the  direction  of  plare- 
strain  constraint  discussed  with  reference  to  Fig.  4. 
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The  contact  pressure  distribution  along  the  die-workpiece  inter¬ 
face  is  plotted  in  Fig.  17,  The  pressure  increases  from  the  center 
toward  the  edge  for  10,  20,  and  30  percent  reductions,  and  the  dis¬ 
tribution  curve  flattens  at  40  percent  reductions.  The  side-pressing 
loads  calculated  from  the  contact  pressures  agreed  within  10  percent 
with  those  measured.  The  average  pressure  is  higher  at  a  10  percent 
reduction  and  remains  approximately  the  same  at  other  reductions. 

This  is  due  to  the  value  of  the  width-height  ratio,  and  is  in  agreement 
qualitatively  with  the  slip-line  theory  prediction  for  perfectly  plas¬ 
tic  materials. 

It  was  shown  that  the  center  of  the  specimen  was  a  critical  loca¬ 
tion  for  fracturing  because  the  effective  strain  was  found  to  be 
largest  at  that  point.  The  stress  system  and  its  variation  during 
deformation  at  this  point  was  therefore  examined  (Fig.  18).  In  the  be¬ 
ginning  of  deformation  is  tensile  and  it  increases  as  the  deforma¬ 
tion  proceeds.  Then  at  a  width-height  ratio  of  about  0.5  the  stress 
tends  to  decrease  rapidly,  resulting  in  a  state  of  increased  hydro¬ 
static  pressure.  With  further  deformation,  the  pressure  rises 
gradually.  It  is  a  well-known  fact  that  the  ductility  of  the  material 
increases  generally  under  the  compressive  stresses.  Thus,  the  center 
of  the  specimen  may  not  become  a  critical  point  for  fracturing  if  the 
width-height  ratio  is  sufficiently  large. 

5.  EFFECTS  OF  SPECIMEN  GEOMETRY  AND  MATERIAL  PROPERTIES 

For  examining  the  effect  of  initial  specimen  geometry,  specimens 
with  machined  flats  of  various  widths  were  side-pressed,  and  the  strain 
and  st ra in- rate  distributions  were  compared.  Figures  19  and  20  show 
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the  constant  effective  strain-rate  contours  at  configurations  given  by 
W/H  =  1.22  and  1.80,  respectively,  for  specimens  having  initial  flats 
of  different  widths.  The  values  of  the  strain  rates  in  the  figures  are 
for  the  unit  die  velocity.  It  is  a  common  occurrence  for  a  zone  of 
relatively  high  strain  rate  to  run  diagonally  from  the  coiner  of  the 
die-workpiece  contact  surface  toward  the  center  of  the  specimen,  as 
seen  in  Fig.  19.  The  distribution  patterns,  however,  show  minor 
differences.  Since  measurements  of  the  sliding  velocity  distributions 
along  the  interface  show  no  difference  for  three  specimens,  the  dif¬ 
ferences  in  strain-rate  patterns  are  attributed  to  the  variation  in 
the  yield  stress  distributions.  In  comparing  the  magnitudes  of  strain 
rates,  it  must  be  pointed  out  that  the  actual  sizes  of  the  three  speci¬ 
mens  at  the  same  values  of  width-height  ratio  differ,  and  that  the 
strain-rate  values  should  be  adjusted  according  to  geometrical  simi¬ 
larity,  though  this  adjustment  is  small  in  the  present  case.  For  a 
width-height  ratio  of  1.80,  Fig.  20  reveals  that  the  high-st rain-rate 
region  exists  from  a  corner  of  the  contact  surface  in  a  direction 
roughly  45  degrees  to  the  contact  surface.  Furthermore,  another  high- 
strain-rate  zone  appears  at  the  center  of  the  specimen  just  beneath 
the  die.  In  this  case,  too,  the  friction  condition  along  the  die- 
workpiece  interface  is  almost  identical  for  the  three  specimens.  With 
this  width-height  ratio,  :he  strain-rate  distributions  are  in  good 
agreement  with  each  other  despite  the  fact  that  variations  in  the  yield 
stress  distributions  still  exist.  When  tne  width-height  ratio  is 
considerably  larger  than  unity,  the  interface  friction  and  the  current 
geometrical  configuration  (W/H)  appear  to  be  controlling  factors  for 
determining  instantaneous  flow  patterns.  Figure  21  gives  the  total 
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strain  distributions  along  the  x-axis  at  the  configurations  shown  in 
Figs.  19  and  20.  The  magnitudes  of  the  strains  should  obviously  be 
different.  A  larger  deformation  has  to  take  place  in  a  specimen  with 
a  narrower  machined  flat  to  arrive  at  the  same  value  of  width-height 
ratio.  During  the  deformation,  until  W/H  reaches  1.22,  the  location 
of  the  largest  strain  rate  along  the  x-axis  remains  at  the  center  of 
the  specimen,  resulting  in  the  largest  strain  occurring  there  also, 
then  decreasing  toward  the  free  surface.  On  the  other  hand,  with  an 
increasing  W/H  value,  the  point  of  the  largest  strain  rate  moves  away 
from  the  center  of  the  specimen.  Thus  the  larger  strains  occur  at 
some  distance  from  the  center.  Figure  22  shows  the  strain  distribu¬ 
tions  along  the  y-axis.  Aga^c,  the  strain  is  largest  at  the  center  of 
the  specimen,  and  dc  »*eases  toward  the  die-workpiece  interface  at 
W/H  =  1,2,4,  while  the  increase  of  the  strain  near  the  interface  is 
much  larger  than  that  at  the  center  at  W/H  =1.80.  This  is  due  to  the 
appearance  of  the  relatively  high  strain-rate  region  near  the  interface 
along  the  y-axis.  Thus,  the  results  shown  in  Figs.  21  and  22  are  con¬ 
sistent  with  the  observations  made  in  Figs.  19  and  20.  Since  the 
strain  variation  at  the  center  of  the  specimen  appears  to  reflect  sensi¬ 
tively  the  change  of  deformation  pattern,  the  effective  strains  e  at 
the  center  of  the  specimen  were  plotted  in  Fig.  23  as  functions  of  the 
width-height  ratio  for  specimens  with  various  initial  flats.  The  curves 
with  smooth  dies  are  characterized  by  a  rapid  increase  until  W/H  becomes 
unity,  followed  by  a  sharp  decrease  in  slope,  and  then  another  increase 
in  slope  at  about  W/H  =  2.0.  With  rough  dies,  the  strain  follows  the 
same  path  as  that  for  smooth  dies  and  begins  to  deviate  around  a  width- 
height  ratio  value  of  1.0.  It  is  concluded  then  that  the  deformation 
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is  determined  by  the  current  geometry  alone  tor  "W/H  <  1.0,  and  the 
friction  condition  and  width-height  ratio  control  the  deformation  mode 
when  W/H  becomes  larger  than  unity.  These  conclusions  indeed  coincide 
with  those  predicted  by  the  slip-line  theory  for  rigid,  perfectly 
plastic  materials.  It  may  be  of  interest  to  examine  further  the 
effect  of  material  properties  on  metal  flow.  The  flow  lines  in  side¬ 
pressing  circular  cylinders  of  aluminum  and  copper  are  compared  in 
Fig.  24  for  a  leduction  in  height  of  up  co  22  percent.  Since  in  this 
range  of  reduction  the  width-height  ratio  is  less  than  unity,  the 
effect  of  friction  on  deformation  should  be  negligible.  Therefore, 
any  deviation  in  flow  lines  in  this  range  may  be  considered  as  the 
effect  of  material  properties.  As  seen  in  the  figure  some  differences 
are  indicated,  but  they  are  *  r.cignif  icant .  This  is  confirmed  again  by 
the  effective  strain  variation  at  the  center  of  the  specimen  shown  in 
Fig,  25  for  the  two  materials.  Investigation  of  the  effect  of  m-terial 
properties  was  limited,  mainly  because  the  two  materials  selected  had 
similar  stress-strain  curves  with  only  a  difference  in  magnitude,  and 
it  was  therefore  not  possible  to  draw  a  general  conclusion.  However, 
it  can  be  speculated  that,  in  general,  the  material  properties  would 
not  cause  a  significant  change  of  the  deformation  characteristics  in 
this  process.  This  hypothesis  is  based  on  the  argument  that  a  large 
part  of  the  free  surface  remains  in  the  elastic  state;  therefore,  the 
frictional  and  geometrical  constraints  dominate  the  determination  of 
plastic  flow  involved  in  side-pressing. 

6.  SUMMARY 

The  flow  patterns  of  commercially  pure  aluminum  and  copper  speci¬ 
mens  were  observed  in  side-pressing  under  plane-strain  conditions. 
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ders,  and  the  effects  on  the  deformation  characteristics  of  friction 
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Strain  distributions  along  the  y-axis  at  various  reductions  in  height 
smooth  and  rough  dies. 
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Fig.  15  Distributions  of  stress  cy  along  the  y-axis  ami  a  comparison 
with  those  for  rigid,  perfectly  plastic  materials  at  various 
reductions  in  height. 
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FIS'.  20  Constant  strain-rate  contours  at  the  width-height  ratio 
Tf/H  =  1.80  for  specimens  of  various  iniils.1  flats. 

(a)  2?0  =  0.125  in.  (2SV  -  1.070  m.>,  <b)  2W0  *  0.692  in 
(2V  =  1.020  in.),  (c)  2h-  =  0.722  in.  '2Ur  =  1.000  in.). 
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Fig,  22  Strain  distributions  along  the  y-axis  nt  the  same  height-width 
ratios  for  three  specimens  of  various  initial  flats. 
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Effective  strain  variations  at  the  center  or  the  spec  mens. 
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Fig.  25  Effective  strain  variations  at  the  center  of  the  specimens  of 
aluminum  copper  *=  0.1^5  in,). 


